Amyotrophic lateral sclerosis (ALs) is a fatal neurodegenerative disease characterized by the progressive loss of motor neurons, for which there is no effective treatment. Previously, we generated a Caenorhabditis elegans model of ALS, in which the expression of dnc-1, the homologous gene of human dynactin-1, is knocked down (KD) specifically in motor neurons. This dnc-1 KD model showed progressive motor defects together with axonal and neuronal degeneration, as observed in ALS patients. In the present study, we established a behavior-based, automated, and quantitative drug screening system using this dnc-1 KD model together with Multi-Worm Tracker (MWT), and tested whether 38 candidate neuroprotective compounds could improve the mobility of the dnc-1 KD animals. We found that 12 compounds, including riluzole, which is an approved medication for ALS patients, ameliorated the phenotype of the dnc-1 KD animals. Nifedipine, a calcium channel blocker, most robustly ameliorated the motor deficits as well as axonal degeneration of dnc-1 KD animals. Nifedipine also ameliorated the motor defects of other motor neuronal degeneration models of C. elegans, including dnc-1 mutants and human TAR DNA-binding protein of 43 kDa overexpressing worms. Our results indicate that dnc-1 KD in C. elegans is a useful model for the screening of drugs against motor neuron degeneration, and that MWT is a powerful tool for the behavior-based screening of drugs.
Results
Adapting MWT for the screening of pharmacological effects on C. elegans locomotion. MWT was designed to quantify the behavior of many worms simultaneously on a 5-cm diameter Petri dish 10 . For the purpose of drug screening, we adapted the MWT to record a larger field of view using a higher resolution camera (12 Mpixels) and a larger rectangular assay plate (4 cm × 10 cm × 1.45 cm). This modified system enables us to analyze more animals at once (~500 animals) without increasing the population density (Fig. 1a) . Thus, the assay plate can be divided into regions to test multiple treatments at once (i.e., Regions were separated by glycerol because worms avoid the high osmolarity of glycerol and will not cross between regions 11 . We confirmed that the separation into 8 compartments by glycerol did not change the moving speed of the animals compared to that without separation (Fig. 1d) .
We validated the effectiveness of the adapted system by analyzing whether this system could detect drug-induced motor defects. For this purpose, we used levamisole, a nicotinic acetylcholine receptor agonist, which causes muscle paralysis in C. elegans, and quantified the locomotor speed of levamisole-treated animals. We detected a dose-dependent, unequivocal motor defect caused by levamisole (Fig. 1b,c) , showing that the system developed in this study was effective as a behavior-based drug-screening system.
MWT efficiently detected the motor defect in dnc-1 KD worms. Previously, we analyzed the motor function of dnc-1 KD worms by the bending assay and thrashing assay, in which we manually scored the number of body bends of worms on an agar plate or in liquid, respectively. dnc-1 KD worms showed a 60-70% reduction in mobility compared with wild-type worms 9 . We analyzed the effects of dnc-1 KD on locomotion using MWT ( Fig. 2a-d) . Consistent with the previous assays, the speed of dnc-1 KD worms was reduced by 70%. The variations in speed within a region and between regions were very small (Fig. 2c) , suggesting that each region can be used to test a different treatment during a drug screen. Additionally, in contrast to the several hours it took for screening in previous methods, conducting the MWT assay and analyzing the results only took 15 min, thereby making it more feasible to conduct a screen to find drugs that improve the dnc-1 KD motor defect (Fig. 2e) .
Autophagy activation attenuated the motor defect of dnc-1 KD worms. Autophagy activation by rapamycin or food restriction (starvation) ameliorates the motor defect of dnc-1 KD worms by attenuating axonal degeneration 9 . We hence tested whether MWT could detect the effect of rapamycin and starvation in dnc-1 KD worms. We confirmed the dose-dependent effect of rapamycin (Fig. 3a) , and also showed that starvation had a similar effect to rapamycin without synergy (Fig. 3b) .
To verify the specificity of the effect of autophagy activation, we compared the effect of rapamycin between wild-type, unc-2 mutants, and dnc-1 KD worms (Fig. 3c) . unc-2 encodes a C. elegans homologue of a voltage-gated calcium channel and its mutation causes a severe motor defect 12 . Although the dnc-1 KD worms were markedly affected by rapamycin, wild-type and unc-2 mutant worms did not show a significant change by rapamycin, indicating the specific effect of rapamycin on dnc-1 KD worms (Fig. 3c) . Thus, we used rapamycin as a positive control for our drug screen to find drugs that improve the motor defects of dnc-1 KD worms.
Blinded screening of 38 compounds by MWT found that riluzole, an ALS drug, improved the motor defect of dnc-1 KD worms. Using the automated behavior-based drug-screening system, we assessed in a blinded manner whether any of the 38 compounds, which have been reported or were expected to have a neuroprotective effect, could improve the motor defects of dnc-1 KD worms. Rapamycin and dimethyl sulfoxide (DMSO) were included as positive and negative controls, respectively. The results of the screening are listed in Table 1 . We found that 12 compounds were as effective as or more effective than rapamycin. Among these 12 compounds, riluzole, the drug internationally approved for ALS, improved the locomotion speed of dnc-1 KD worms (Fig. 4) . In Fig. 4a , we present a representative result of an assay, showing that among six compounds, only no. 21 (riluzole) ameliorated the speed of dnc-1 KD worms. The histograms of rapamycin-treated and riluzole-treated worms show a right shift compared with the negative control, demonstrating that these treatments improved the speed of dnc-1 KD worms (Fig. 4b) . The tracks of control and riluzole-treated dnc-1 KD www.nature.com/scientificreports www.nature.com/scientificreports/ worms during the assay are also shown in Fig. 4c . We also found that the effect of riluzole is dose-dependent (Fig. 4d) . Given that riluzole is an approved medication for ALS patients and was identified using the MWT automated behavior-based drug screen for dnc-1 KD worms, other compounds identified by the screen are potential candidates that may be useful for the treatment for ALS.
L-type calcium blocker nifedipine ameliorated the motor defects and axonal degeneration of dnc-1 KD worms. During the blinded screen, we found four compounds that were as effective as or more effective than riluzole (Table 1) . Nifedipine, an L-type calcium channel blocker, showed the strongest effect on the locomotion of dnc-1 KD worms. Just as in the case of riluzole, the effect of nifedipine was dose-dependent (Fig. 5a ). The distribution of the speed of nifedipine-treated dnc-1 KD worms was clearly shifted www.nature.com/scientificreports www.nature.com/scientificreports/ to the right compared with control-treated dnc-1 KD worms (median speed = 0.043 mm/sec and 0.061 mm/sec; DMSO-treated group and nifedipine-treated group, respectively), suggesting that nifedipine uniformly improves the motor function of dnc-1 KD worms (Fig. 5b) . We also directly compared the effects of riluzole and nifedipine, and found that nifedipine had a stronger effect on the locomotion of dnc-1 KD worms than riluzole (Fig. 5c) .
The motor defect in dnc-1 KD worms is caused by the degeneration of motor neurons 9 . Therefore, we tested whether nifedipine can improve the motor neuron degeneration in dnc-1 KD worms. In dnc-1 KD animals, axonal spheroids is a key feature of neurodegeneration, showing the accumulation of damaged mitochondria and autophagosomes 9 . We scored a number of axonal spheroids in a transverse section of ventral motor neuron axons ( Fig. 5d) , and found that riluzole and nifedipine significantly ameliorated the axonal degeneration in dnc-1 KD worms.
We also tested the effects of the remaining 4 of the top 6 compounds from MWT screening by scoring axonal spheroids. All 4 compounds significantly decreased the number of axonal spheroids in dnc-1 KD animals ( Fig. 5f ).
Given that in the dnc-1 KD model, dnc-1 shRNA is expressed under the ventral motor-neuron specific acr-2 promoter, other neurons and organs, including head neurons, and gut and pharyngeal muscles, which are essential for living, are intact in the dnc-1 KD model. Consistently, lifespan analysis showed no significant changes among DMSO-treated wild-type, DMSO-treated dnc-1 KD, and nifedipine-treated dnc-1 KD worms (Fig. 6 ).
Nifedipine ameliorated the motor defects in other worm models with motor neuron degeneration. We www.nature.com/scientificreports www.nature.com/scientificreports/ not show an increase in locomotion speed in wild-type worms (Fig. 7a) . To evaluate the effect on dnc-1 mutants, we tested two alleles, dnc-1 (or404ts) and dnc-1 (or676ts), both of which show microtubule-associated defects in a temperature-dependent manner 13, 14 . In our assay condition at 20 °C, only dnc-1 (or404ts) showed slow locomotion, and the drugs only affected the locomotion of dnc-1 (or404ts) (Fig. 7b,c) . We also observed that both drugs ameliorated locomotor defects of human TDP-43-overexpressing strains (Fig. 7d) . This strain expresses human wild-type TDP-43 under the pan-neuronal promotor, snb-1, and shows motor neuronal degeneration and progressive locomotor defects 15 . Importantly, the effect of nifedipine was significantly stronger than riluzole in dnc-1 KD animals, dnc-1 (or404ts) mutants, and hTDP-43 overexpressing animals, indicating the potential of nifedipine as a new candidate compound for the amelioration of motor neuron degeneration.
Discussion
In this study, we developed a behavior-based drug screening system by combining a C. elegans model of ALS-like motor degeneration and dysfunction with an adapted version of the MWT. Our new screening system can evaluate eight compounds at once and only takes 15 min. We confirmed that the assay can detect the motor defects of dnc-1 KD worms, as well as the effects of rapamycin and food restriction on this dnc-1 KD model 9 . We used this novel assay system to blindly test the effects of 38 compounds on dnc-1 KD worms. One of the most crucial results was that riluzole improved the motor defects of dnc-1 KD worms. As riluzole is an internationally approved drug for ALS, it is an indication that compounds identified by this approach will be worth pursuing as potential treatments for ALS. As we used compounds that have been previously reported or expected to have neuroprotective effects (see the criteria for selection in the Materials and Methods section), many compounds (25 out of 38) improved the motor phenotypes of dnc-1 KD worms. Among these compounds, we found that nifedipine, an L-type calcium-channel blocker, had the strongest effect on the locomotion of the worms. www.nature.com/scientificreports www.nature.com/scientificreports/ Following the locomotor assay, we investigated the effects of the compounds on axonal degeneration. Importantly, all the top 6 compounds identified by the MWT assay had a significant effect on axonal degeneration. Moreover, we confirmed that nifedipine ameliorated the motor defects of other models of motor neuron disease, dnc-1 mutant animals, and human TDP-43 transgenic animals.
These results suggest that the adapted MWT assay can be a powerful system to perform behavior-based screening of drugs against motor neuron degeneration. The limitation of this assay is its throughputness. Several groups have developed worm-tracking systems to analyze many worms at once [16] [17] [18] [19] . However, the application of these systems to drug screening in a high-throughput manner has been extremely challenging. Although our system, which enables the simultaneous analysis of 8 drugs using 500 worms, is the most powerful screening system to our knowledge to date, we still need faster and simpler screening systems for screening tens of thousands of drugs. Shunmoogum et al. performed a screening of 3,850 small molecules using mutant TDP-43-overexpressing C. elegans 20 . In their initial screening, they visually evaluated the motility of the worms and then confirmed the reproducibility and specificity of the results using a quantitative method, by manually scoring the percentage of paralyzed worms 20 . Considering that the big advantages of our system are its accuracy, reproducibility, and quantitativity, our newly established system will be a very strong tool as a second-throughput screening.
Materials and Methods
C. elegans culture. Standard methods were used to culture C. elegans on nematode growth medium (NGM) agar seeded with OP50 Escherichia coli (E. coli) 21 . The worms were maintained at 20 °C unless otherwise indicated.
C. elegans strains. The following strains were used in this study: N2 wild-type (Bristol), SBG8 Ex[Pacr- , CB55 unc-2 (e55) 22 , EU1006 dnc-1 (or404) 13 , EU1257 dnc-1 (or676) 14 , and CL6049 dvIs62 [snb-1p::hTDP-43/3′ long UTR + mtl-2p::GFP], which were obtained from the C. elegans Genetics Center.
Compound selection. The compounds selected were as follows: (1) approved by the FDA for ALS treatment, (2) currently under/or finished clinical trials for ALS, and (3) show promising effects on ALS models. We also analyzed some of autophagy activators and HDAC inhibitors as positive controls because in a previous study we found that rapamycin, an autophagy activator, and trichostatin A, an HDAC inhibitor, were effective on this model Survival ratio Figure 6 . Lifespan analysis of nifedipine-treated animals. Kaplan meier curves of the wild type (N2) (n = 80) and dnc-1 KD animals treated with DMSO (n = 80) or 100 μM of nifedipine (n = 80). There were no significant differences between all groups according to the log-rank test.
www.nature.com/scientificreports www.nature.com/scientificreports/ developed into adults. For the culture of temperature-sensitive dnc-1 mutant lines, they were incubated on NGM plates for 5 days at 15 °C until they had developed into the same age. Then worms were transferred into liquid medium (S basal medium with concentrated OP50 [80 mg/mL]) with compounds dissolved in DMSO at a final concentration of 100 μM (1% DMSO). We used drugs at 100 μM according to the most effective concentration of the positive control, rapamycin 9 . Two-hundred μL of the liquid culture (~50 worms) was transferred into each well of a 48-well plate with a flat bottom and without coating (Falcon/351178). The source of the compounds is listed in Table 1 . The plate was incubated with shaking at 100 rpm for 16 h in 20 °C.
For levamisole treatment, approximately 300 synchronized adult worms (day 4) were collected from NGM plates and divided into 24-well plates with different concentrations of levamisole hydrochloride (Sigma-Aldrich, USA) (0, 10, 20, 50, 100, 200, 400, and 1,000 μM) dissolved in M9 buffer. After incubation for 10 minutes in 24-well plates, worms were transferred to the assay plate and analyzed by MWT.
Locomotion assay by MWT. After the incubation with a compound, worms were washed 3 times in NG buffer and gently transferred onto an assay plate. The assay plate was a 13 × 10-cm plate filled with agar, which was divided into 8 regions of equal area. Regions were surrounded with glycerol, an aversive stimulus for C. elegans, to keep animals from moving over to the other regions. Filter paper (Whatman/3MM paper) was used to remove excess NG buffer. Worms from a given compound-treated group were placed in 1 of the 8 regions with various compounds being tested simultaneously.
An adapted version of the MWT 10 was used to record the locomotion of C. elegans on the agar plate. Adaptations included a Toshiba-Teli Ultra High Resolution 12 M pixel CMOS sensor camera-link camera (CSC12M25BMP19-01B), a lens (RICHO FL-YFL3528), and an adaptor (Toshiba-Teli FTAR-2). In addition, experiments were performed under dark-field lighting conditions using the ring LED light (CCS Inc. LDR-206SW2-LA1). C. elegans locomotion was recorded for 10 mins.
Analysis of the MWT data. Analysis of the recordings was performed using Choreography (part of the MWT software) and custom-written scripts to organize and summarize the data. Animal tracks were collected as a time series of the centroid position for each frame of the final 2 minutes of the recording. We used the final 2 minutes to enable animals to first adapt to the circumstances of the assay and to perform animal recognition by the tracker plateau. This was particularly important for slow-moving animals because the tracker only identifies animals that have moved from their initial position. The following Choreography filters were used to avoid image artifacts: -shadowless and -t 10. The speed of an individual animal was calculated as the sum of distances between sequential centroids divided by the duration of the track. Experimental groups were summarized using mean and standard errors of the mean, weighted by the duration of an animal's track.
Microscopic analysis. Microscopic analysis of worms was performed as previously described 9 . Briefly, the worms were anesthetized by placing them in an 8-μL drop of levamisole (2 mM) on solidified pads of 2% agarose laid on slides with a coverslip. Worms were observed using a confocal microscope (Zeiss LSM 710).
For the evaluation of axonal degeneration, we scored the number of axonal spheroids per transverse axon.
Lifespan assay. A lifespan assay was performed as described previously 13 , with some modifications. Synchronized 3 day-old worms were collected and 20 worms were transferred to each NGM plate containing 100 μM 5-fluoro-2′-deoxyuridine (Sigma-Aldrich, USA), 100 μM drug (control or nifedipine), and 0.1% DMSO. For each group, 80 worms were transferred every 4 days to a freshly prepared plate. The animals were scored as dead if they did not move when prodded with a platinum pick and did not show pharyngeal pumping.
Statistical analysis. Statistical analyses were performed using StatView software version 5 (Hulinks, Tokyo, Japan). The Student t-test was used for the comparison of two independent groups and one-way analysis of the variance (ANOVA) with the Bonferroni/Dunn post-hoc test for more than three groups. We used the Kaplan-Meier and log-rank test to compare survivals of N2 and dnc-1 KD worms with our without treatment by riluzole or nifedipine. The application of these methods are indicated in each figure and legend. 
